Objectives: Tanshinone I (Tan-I) is one of the vital fatsoluble monomer components, which extracted from Chinese medicinal herb Salvia miltiorrhiza Bunge. It has been shown that Tan-I exhibited anti-tumour activities on different types of cancers. However, the underlying mechanisms by which Tan-Ⅰ regulates apoptosis and autophagy in ovarian cancer remain unclear. Thus, this study aimed to access the therapy effect of Tan-Ⅰ and the underlying mechanisms. Methods: Ovarian cancer cells A2780 and ID-8 were treated with different concentrations of Tan-Ⅰ (0, 1.2, 2.4, 4.8 and 9.6 μg/mL) for 24 hours. The cell proliferation was analysed by CCK8 assay, EdU staining and clone formation assay. Apoptosis was assessed by the TUNEL assay and flow cytometry. The protein levels of apoptosis protein (Caspase-3), autophagy protein (Beclin1, ATG7, p62 and LC3II/LC3I) and PI3K/AKT/mTOR pathway were determined by Western blot. Autophagic vacuoles in cells were observed with LC3 dyeing using confocal fluorescent microscopy. Antitumour activity of Tan-Ⅰ was accessed by subcutaneous xeno-transplanted tumour model of human ovarian cancer in nude mice. The Ki67, Caspase-3 level and apoptosis level were analysed by immunohistochemistry and TUNEL staining. Results: Tan-Ⅰ inhibited the proliferation of ovarian cancer cells A2780 and ID-8 in a dose-dependent manner, based on CCK8 assay, EdU staining and clone formation assay. In additional, Tan-Ⅰ induced cancer cell apoptosis and autophagy in a dosedependent manner in ovarian cancer cells by TUNEL assay, flow cytometry and Western blot. Tan-Ⅰ significantly inhibited tumour growth by inducing cell apoptosis and autophagy. Mechanistically, Tan-Ⅰ activated apoptosis-associated protein Caspase-3 cleavage to promote cell apoptosis and inhibited PI3K/AKT/mTOR pathway to induce autophagy.
| INTRODUC TI ON
Ovarian cancer is the second cancer of the female reproductive system and the leading cause of death from gynaecologic malignancies. 1, 2 Five years after diagnosis (five-year survival), survival for ovarian cancer in women was 45.0%. Although age-standardized rates are stable or falling in most high-income countries, they are rising in many low-and middle-income countries. 3 Because ovarian cancer is often diagnosed late and composed of several subtypes with distinct biological and molecular properties, and there is inconsistency in availability of and access to treatment. Upfront treatment largely relies on debulking surgery and platinum-based chemotherapy, with the addition of anti-angiogenic agents in patients. 4 Despite much progress for the treatment of ovarian cancer in recent years, an important problem in tumour therapy with compounds is the development of drug resistance and side effects. 5, 6 Most established compounds suffer from insufficient specificity towards tumour cells. So the identification of improved anti-tumour drugs is urgently needed.
Salvia miltiorrhiza, also known as Dan-shen, is the Chinese traditional herb and widely used in the clinic for the treatment of cardiovascular diseases. The main pharmacologically active components of Dan-shen are tanshinones, which have many pharmacological activities, such as cardiovascular protection activities, anti-inflammatory, anti-hepatic fibrosis and anti-tumour. [7] [8] [9] [10] The tanshinones consist of four major constituents, such as tanshinone Ⅰ (Tan-Ⅰ), tanshinone IIA, crytotanshinone and dihydrotanshinone Ⅰ, and their biological effects have been a prime research focus. [11] [12] [13] [14] The major constituents of Dan-shen have been recently shown to possess some activities against human cancer cells.
Cryptotanshinone significantly inhibited the growth of hepatocarcinoma cells and breast carcinoma cells in vitro via influencing cell cycle. 15, 16 Tanshinone IIA inhibited the growth of breast cancer, glioma, leukaemia and hepatocellular carcinoma cells in vitro by induction of apoptosis. [17] [18] [19] [20] Tan-Ⅰ inhibited the growth of leukaemia, colorectal, lung and breast cancer in vitro by induction of apoptosis and anti-angiogenesis activity. [21] [22] [23] [24] [25] We recently found that Tan-Ⅰ inhibited the proliferation of ovarian cancer cells in vitro, with Tan-Ⅰ being the most potent agent. But whether there are other anti-cancer mechanisms is unknown.
Macroautophagy (hereafter referred to as autophagy) is the process by which cells package and degrade cytosolic components, and recycle the breakdown products for future use. [26] [27] [28] In normal cells, autophagy could act as a brake to prevent tumorigenesis, but cancer cells are able to hijack this process to their own benefit, to promote tumour growth and/or tumour resistance to anti-cancer therapies. 29, 30 However, deregulated or excessive autophagy could cause autophagic cell death, also known as the type II programmed cell death. [31] [32] [33] Autophagy-dependent cell death provides molecular mechanisms and implications for cancer therapy.
In our study, we determined the effects of Tan-Ⅰ on the proliferation of ovarian cancer cell lines in vitro and the effect of Tan-Ⅰ on the growth of ovarian cancer cell A2708 tumours in mice. We also analysed apoptosis and autophagy level of ovarian cancer cells during Tan-Ⅰ treatment.
| MATERIAL S AND ME THODS

| Tan-I preparation from Dan-shen
To obtain Tan-I extracts, 10 g crude material of Dan-shen was subjected to extraction and purification according to the following procedures. [34] [35] [36] Crushed powder was added into 100 mL of ethanol, and extracted twice for 30 minutes with refluxing, filtered, and combined with filtrate. Recovering ethanol on vacuum at 60°C, and concentrated to thick paste with relative density of 1.30 ~ 1.35 g/mL. Next, wash it with hot water until the washing liquid is colourless and dry at 80°C to obtain a crude extract of Tan-I. Finally, the crude extract of Tan-I was dissolved in 61% acetonitrile to prepare a saturated solution for the purification of 
| Cell culture
The human A2780, Skov3, HOSEpic and mouse ID-8 cell lines were obtained from American Type Culture Collection (ATCC, USA). The 
| CCK8 assay
Cell viability was analysed by Cell Counting Kit-8 (CCK8, Beyotime, Shanghai, China) according to the manufacturer's protocols. Cells were seeded and cultured at a density of 5 × 10 3 /well in 100 μL of medium into 96-well microplates (Corning, USA). Then, the cells were treated with various concentrations of Tan-Ⅰ (0, 1.2, 2.4, 4.8 and 9.6 μg/mL). After treatment for 24 hours, 10 μL of CCK-8 reagent was added to each well and then cultured for 2 hours. All experiments were performed in triplicate. The absorbance was analysed at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA) using wells without cells as blanks. The proliferation of cells was expressed by the absorbance.
| Colony formation assay
A2780 and ID-8 cell lines were seeded and cultured into the six-well plate at a density of 1 × 10 3 cells/well in DMEM containing 10% FBS for 24 hours. Then, the cells were treated with various concentrations of Tan-Ⅰ (0, 1.2, 2.4, 4.8 and 9.6 μg/mL). After the treatment, these disposed cells were then re-suspended in DMEM containing 10% FBS and cultured in 5% CO 2 , 37°C for 15 days to allow colony formation. The plate was washed with cold PBS. The colonies were fixed by 4% polyformaldehyde at room temperature. Next, they were dyed with 1% crystal violet for 30 minutes at room temperature. The colonies more than 100 cells were counted by microscope (Leica Microsystems, Germany). Each experiment was done thrice in this study. Colony formation rate = the number of each treatment/ the number of control × 100%.
| EDU staining assay
EdU staining was used to analysed the cancer cell proliferation according to the following protocol. Briefly, A2780 and ID-8 cell lines were treated with different concentrations of Tan-Ⅰ (0, 1.2, 2.4, 4.8 and 9.6 μg/mL) for 24 hours, incubated with EdU (20 mmol/L) for 2 hours. The cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature. EdU-positive cells were analysed in different treatment group.
| Flow cytometry assay
A2780 and ID-8 cells (1 × 10 5 cells/mL) were grown in DMEM containing 10% FBS for 24 hours on 6-well plates. Then, the cells were 
| TUNEL assay
The TUNEL assay was analysed according to the kit protocol (Vazyme Biotech Co.,Ltd, China). Briefly, the sections of tumour tissue were deparaffinized in xylene and rehydrated in PBS buffer. The sections were incubated with 15 μg/mL proteinase K for 20 minutes at 37°C. After washing three times with PBS buffer, the sections were incubated in 1× equilibration buffer for 30 minutes, then incubated with a mixture containing 50 μL of Biotin-dUTP Labeling Mix and 3 μL of TdT Enzyme for 1 hour at 37°C in the dark. Then, the slides were incubated with 100 μL stopping buffer for 10 minutes and then rinsed in PBS three times. The specimen was covered in Streptavidin-HRP for 30 minutes and washed in PBS three times. The slides were visualized by DAB substrate and observed by microscope (OLYMPUS, Japan). TUNEL-positive cells were counted, and the apoptotic index was calculated as a ratio of (apoptotic cell number)/(total cell number) in each field. 
| Tumour xenograft assay
| Western blotting assay
| Immunohistochemistry and HE staining
Tumour tissues were isolated from mice after mice were sacrificed. The tissues were immediately fixed in 4% paraformaldehyde for 24 hours and embedded in paraffin. The embedded sections were sliced into 5 μm sections for staining. The deparaffinized and rehydrated sections were heated in citrate buffer at 121°C for 30 minutes to retrieve antigenic activity. The sections were incubated with 0.3% hydrogen peroxide in methanol for 30 minutes to inhibit endogenous peroxidase activity.
After non-specific reactions had been blocked with 10% normal bovine serum, the sections were incubated with rabbit polyclonal antibodies specific to Caspase-3 (#9662, Cell Signaling Technology, USA) and Ki67 (#9129, Cell Signaling Technology, USA) at 4°C for 12 hours. Then, the sections were washed by PBS and incubated with horseradish peroxidase-conjugated secondary antibody at 37°C for 2 hours. The sections were counterstained with haematoxylin for detection. The major organs including the heart, liver, spleen, lung and kidney were isolated from mice after mice were sacrificed. The obtained organs were fixed with 4% paraformaldehyde overnight. Afterwards, these organs were dehydrated in 25% sucrose, sectioned into 5 μm slices and stained with haematoxylin and eosin (H&E). The stained sections were imaged under an inverted phase contrast microscope.
| Statistical analysis
The results are presented as mean ± SD. Data were assessed using the software SPSS 19.0. Statistical significance for comparisons among two or three groups was analysed using the Student t test or one-way ANOVA, respectively. P values of less than .05 were considered as statistically significant. Figure 1B ). Furthermore, colony formation assay indicated that Tan-Ⅰ markedly inhibited proliferation in A2780 cells and ID-8 cells ( Figure 1C ). In addition, EdU assay results showed that the EdU-positive cells were markedly inhibited in dose-dependent manner by Tan-Ⅰ treatment ( Figure 1D) .
| RE SULTS
| Tan-I inhibited proliferation and colony formation in ovarian cancer cell
These results suggested that Tan-Ⅰ could suppress proliferation and colony formation in A2780 cells and ID-8 cells.
| Tan-I induced the apoptosis in ovarian cancer cell
To estimate the effect of Tan-Ⅰ on apoptosis, flow cytometry analysis using double staining with annexin V-FITC/PI was performed in A2780 and ID-8 cells. After being treated with Tan-Ⅰ (0, 1.2, 2.4, 4.8 and 9.6 μg/ mL) for 24 hours, compared with the untreated cells, the apoptotic cells in the treated cells significantly increased in a dose-dependent manner (Figure 2A,B) . Tan-Ⅰ induced the major population of A2780 and ID-8 cells into the late apoptotic stage at 9.6 μg/mL concentration. TUNEL staining showed that the number of apoptotic cells gradually increased with the increase in Tan-Ⅰ concentration ( Figure 2C 
| Tan-I activated the autophagy pathway in ovarian cancer cell
To estimate the effect of Tan-Ⅰ on autophagy, autophagic activity was analysed in A2780 and ID-8 cells. Western blotting results showed that the expressions of autophagy-related proteins Beclin1 and ATG7 dramatically increased in a dose-dependent manner in A2780 and ID-8 cells. Furthermore, Tan-Ⅰ significantly promoted the turnover of LC3-Ⅱ and p62 degradation ( Figure 3A) . These data revealed that Tan-Ⅰ induced autophagy. In additional, immunofluorescence data indicated that Tan-Ⅰ increased the level of LC3-II in a dose-dependent manner in A2780 and ID-8 cells, which positively related to autophagosome formation ( Figure 3B ). Furthermore, autophagic inhibitor 3-MA was used to further testify autophagic activation effect of Tan-Ⅰ in A2780 and
ID-8 cells. The results revealed that autophagy associated proteins
Beclin1 and Atg7 markedly downregulated and the turnover of LC3-Ⅱ and p62 degradation significantly inhibited in 3-MA treated A2780 and ID-8 cells (P < .05) ( Figure 3C ). But when cells were co-stimulated by 3-MA and Tan-Ⅰ, Beclin1 and Atg7 expression level significantly enhanced and the turnover of LC3-Ⅱ and p62 degradation were rescued compared with cells that were treated by 3-MA alone (P < .05) ( Figure 3C ). Immunofluorescence results further conformed this phenotype ( Figure 3D ). All these results suggested that Tan-Ⅰ could induce autophagy in A2780 and ID-8 cells. Figure 4C,D) . These data showed that Tan-Ⅰ inhibited cell proliferation by PI3K/AKT/mTOR pathway.
| Tan-I inhibited PI3K/AKT/mTOR pathway
| Tan-I inhibited tumour growth in vivo
In order to evaluate the anti-tumour effect of Tan-Ⅰ in vivo, A2780 tumour bearing xenograft was constructed and treated. The results showed that tumour weight and tumour growth in 30 mg/kg Tan-Ⅰ group markedly reduced than that of control group (P < .05) ( Figure 5A ,B and C). As shown in Figure 5D and Atg7 level in 30 mg/kg Tan-Ⅰ group significantly increased than that of control group (P < .05) and ratio of LC3-Ⅱ/LC3-Ⅰ and p62 degradation obviously enhanced than that of control group (P < .05) ( Figure 5F and G). These data showed that Tan-Ⅰ could inhibit tumour growth by activating apoptosis and inducing autophagy. The results of HE pathological sections of mice major organs (heart, liver, spleen, lung and kidney) indicated that Tan-Ⅰ treatment had no evident damage to the major organs of mice ( Figure 6A , B, C, D and E). As shown in Figure 6F , no significant decrease of weight was observed after mice were treated with Tan-Ⅰ compared with control group. 37 Another study demonstrated that Tan-Ⅰ suppressed the cell proliferation by inducing cyclin D1 proteasomal degradation in an ERK1/2 dependent way in human colorectal cancer cells. 38 Additionally, Tan-Ⅰ induces apoptosis in Colo 205 cells through both mitochondrial-mediated intrinsic cell death pathways and p21-mediated G0/G1cell cycle arrest. 39 Despite the repressive activity of Tan-Ⅰ in cell proliferation in diverse tumour cells have been proverbially reported, the action of Tan-Ⅰ in ovarian cancer cells proliferation remains hazy.
| D ISCUSS I ON AND CON CLUS I ON
We discovered that Tan-Ⅰ inhibited cell proliferation and tumour growth in vitro and in vivo by inducing cell apoptosis and promoting cell autophagy. Our study may provide a neoteric evidence for the anti-proliferative activity of Tan-Ⅰ in ovarian cancer cells.
Cell apoptosis is an important manifestation of cell death, which is implicated with the development of tumours. 40 Bcl-2 family proteins play an important role in the regulation of the mitochondria-mediated pathway of apoptosis. Bax and Bcl-2 are the major factors that control the apoptosis. 41 Bax can activate or inhibit Bcl-xl and Bad, while Bcl-2 can inhibit Bax. It is believed that the ratio of Bax/Bcl-2 activity level is a critical determinant of susceptibility to apoptosis, rather than the levels of individual proteins. 42 Caspase family are key regulators in this process. 43 In the present study, our results indicated that Tan-Ⅰ significantly upregulated the levels of active caspase-3 to inducing cell apoptosis. This result is consistent with that reported in a previous study. 44 Furthermore, we investigate other mechanisms involved in the inhibition of ovarian cancer cells that treated by Tan-Ⅰ. Previous studies proved that PI3K signalling is involved in various human diseases including cancers and proliferative diseases. [45] [46] [47] [48] More importantly, PI3K/Akt/mTOR signalling pathway could regulate apoptosis and autophagy in cancer cells. 49 Therefore, inhibition of PI3K signalling is currently considered a very promising approach for treating these diseases and a principal target for drug development. 50, 51 The study reported that Tan IIA that is one of the compounds of Dan-shen inhibited tumour growth in gastric carcinoma via downregulating the PI3K/Akt/mTOR in vitro and in vivo. 52 However, it is not clear whether Tan-Ⅰ affects PI3K/Akt/mTOR signalling pathways. In our study, Tan-Ⅰ can significantly inhibit PI3K/ Akt/mTOR signalling pathways. In additional, the PI3K/AKT/mTOR signalling pathway was considered the main pathway involved in the initiation and regulation of autophagy. [53] [54] [55] The inhibition of AKT inducing autophagy and the activation of AKT inhibiting autophagy have been observed in several studies. 56, 57 The inhibiting of PI3K/AKT/mTOR pathway promotes cell autophagy. In our study, Tan-Ⅰ dramatically increased the expressions of autophagy-related proteins Beclin1 and ATG7 in a dose-dependent manner and promoted the turnover of LC3-Ⅱ and p62 degradation in A2780 and ID-8 cells. These data showed that Tan-Ⅰ can induce autophagy.
F I G U R E 7
The anti-tumour mechanism of Tan-Ⅰ Recently, study showed that whether autophagy mediating prodeath or pro-survival is still contentious. However, excessive autophagy could cause autophagic cell death. PI3K/Akt/mTOR signalling pathways is the initiation of autophagy. The inhibiting of PI3K/Akt/mTOR pathways enhanced signal of autophagy activation and induce tumour cell death (Figure 7) . This phenomenon has been further conformed that the subsequent Tan-Ⅰ treatment 
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